Rapid RNA virus evolution is a major problem due to the devastating diseases caused by human, animal and plant-pathogenic RNA viruses. A previous genome-wide screen for host factors affecting recombination in Tomato bushy stunt tombusvirus (TBSV), a small monopartite plant virus, identified Xrn1p 5′-3′ exoribonuclease of yeast, a model host, whose absence led to increased appearance of recombinants [Serviene, E., Shapka, N., Cheng, C.P., Panavas, T., Phuangrat, B., Baker, J., Nagy, P.D., (2005). Genome-wide screen identifies host genes affecting viral RNA recombination. Proc. Natl. Acad. Sci. U. S. A. 102 (30), [10545][10546][10547][10548][10549][10550]. In this paper, we tested if over-expression of Xrn1p in yeast or expression of the analogous Xrn4p cytoplasmic 5′-3′ exoribonuclease, which has similar function in RNA degradation in Arabidopsis as Xrn1p in yeast, in Nicotiana benthamiana could affect the accumulation of tombusvirus RNA. We show that over-expression of Xrn1p led to almost complete degradation of TBSV RNA replicons in yeast, suggesting that Xrn1p is involved in TBSV degradation. Infection of N. benthamiana expressing AtXrn4p with Cucumber necrosis tombusvirus (CNV) led to enhanced viral RNA degradation, suggesting that the yeast and the plant cytoplasmic 5′-3′ exoribonuclease play similar roles. We also observed rapid emergence of novel CNV genomic RNA variants formed via deletions of 5′ terminal sequences in N. benthamiana expressing AtXrn4p. Three of the newly emerging 5′ truncated CNV variants were infectious in N. benthamiana protoplasts, whereas one CNV variant caused novel symptoms and moved systemically in N. benthamiana plants. Altogether, this paper establishes that a single plant gene can contribute to the emergence of novel viral variants.
Introduction
Human, animal and plant-pathogenic RNA viruses are well known for their capacity to evolve rapidly to adapt to new environments and/or new hosts (Domingo et al., 2005; Roossinck, 1997 Roossinck, , 2003 . Due to rapid RNA virus evolution, which is based on mutations, recombination and reassortment (Chaston and Lidbury, 2001; Lai, 1992; Nagy and Simon, 1997; Roossinck, 1997 Roossinck, , 2003 Worobey and Holmes, 1999) , it is a major challenge to develop long-lasting antiviral methods. Current models propose a central role for the error-prone viral replicase or RNA-dependent RNA polymerase (RdRp) that introduces mutations at high frequencies (Chaston and Lidbury, 2001; Contreras et al., 2002; Domingo et al., 2005; GarciaArriaza et al., 2004; Quinones-Kochs et al., 2001; Roossinck, 1997; Steinhauer et al., 1992) and drives efficient RNA recombination events (Figlerowicz et al., 1997; Figlerowicz et al., 1998; Nagy et al., 1995; Panaviene and Nagy, 2003) . Accordingly, high mutations rate (Domingo et al., 2005; Roossinck, 2003; Simmonds, 2004; Steinhauer et al., 1992) and template-switching type of recombination events were demonstrated both in vivo and in vitro for several RNA viruses (Cheng and Nagy, 2003; Kim and Kao, 2001; Nagy et al., 1998) .
In addition to the viral replicase and other viral factors, the host could also play significant role in RNA virus evolution (Grenfell et al., 2004; Holmes, 2004; Honig et al., 2004; Huang and Tsai, 1998; Manzin et al., 2000; Ohshima et al., 2002; Sala and Wain-Hobson, 2000; Tagariello et al., 2004) . Dissecting the role of host genes in virus evolution, however, turns out to be a major challenge. The use of yeast as a model host for virus evolution has recently yielded new insights into the role of individual host genes in viral RNA recombination. A systematic, genome wide screen of ∼ 95% of all yeast genes, based on single gene knock out library of yeast (YKO) and the essential gene library (yTHC), for recombination of tombusvirus RNA has led to the identification of 32 host genes, whose modifications (deletions or down-regulation) either suppressed or promoted viral recombination in vivo (Serviene et al., , 2005 . One of the identified genes was XRN1, coding for a 5′-3′ exoribonuclease, which is a major component of the RNA degradation pathway in yeast (Johnson, 1997; Sheth and Parker, 2003) . Interestingly, XRN1 affected the stability of viral RNA in yeast, suggesting that it is involved in viral RNA degradation . These observations promoted a model that Xrn1p might be directly involved in viral RNA recombination by affecting the rate of tombusvirus RNA degradation, thus also affecting the amount of partially-degraded viral RNAs, which serve as substrates for RNA recombination . These works suggested a close relationship between viral RNA degradation and RNA recombination Serviene et al., 2005) .
Tombusviruses are small RNA viruses of plants, which replicate rapidly in infected cells with the help of the viral replicase, containing p33 and p92 pol viral replication proteins and host factors (Nagy and Pogany, 2006; Serva and Nagy, 2006; White and Nagy, 2004) . A small tombusvirus replicon (rep)RNA replicates as efficiently in yeast, a model host, co-expressing p33 and p92 pol replication proteins as in plant hosts Panaviene et al., 2004) . In addition, replication of the repRNA in yeast requires the same cis-acting RNA elements and viral protein factors as in host plants Panaviene et al., 2004; Rajendran and Nagy, 2006) , suggesting that host factors utilized by tombusviruses in yeast could be similar to host factors used in Nicotiana benthamiana and other host plants. Based on this assumption, we have tested the role of the Arabidopsis AtXrn4p protein, which is known to have similar function in cytoplasmic RNA degradation in Arabidopsis as Xrn1p has in yeast (Kastenmayer and Green, 2000; Souret et al., 2004) . Indeed, expression of AtXrn4p in yeast complemented the deficiency of xrn1Δ yeast (Kastenmayer and Green, 2000) , confirming that AtXrn4p is functionally analogous with the yeast Xrn1p. In this work, we found that expression of AtXrn4p in N. benthamiana infected with Cucumber necrosis tombusvirus (CNV) stimulated degradation of the CNV RNA. In addition, we also detected the rapid emergence of new CNV RNA variants with various 5′ deletions. Interestingly, several of the newly generated tombusvirus variants were infectious in N. benthamiana protoplasts and one mutant was infectious in N. benthamiana plant. The latter mutant invaded the plants systemically and caused mild symptoms on uninoculated leaves. Altogether, this paper establishes that a single plant gene can contribute to the emergence of novel viral variants, which could impact on virus evolution.
Results

Rationale
A systematic genome-wide screen for the effect of host genes on viral RNA recombination led to the identification of Xrn1p 5′-3′ exoribonuclease, among other host proteins, as a major host factor affecting viral RNA recombination (Serviene et al., , 2005 . Accumulation of tombusvirus recombinants was increased in xrn1Δ yeast, suggesting that Xrn1p is a suppressor of tombusvirus recombination . The above works in yeast also supported an important role for Xrn1p in degradation of tombusvirus RNA. Encouraged by these observations, we wanted to learn if over-expression of the yeast Xrn1p in yeast or expression of the analogous Xrn4p in N. benthamiana could affect the accumulation and/or evolution of tombusvirus RNA in yeast and in plants.
Over-expression of Xrn1p in yeast leads to rapid degradation of the tombusvirus replicon RNA To test the effect of Xrn1p on tombusvirus accumulation and evolution, we over-expressed the yeast Xrn1p in yeast cells co-expressing p33/p92 pol tombusvirus replication proteins and the DI-72 replicon (rep)RNA from yeast expression plasmids. The control yeast expressing only p33/p92 pol proteins from the ADH1 constitutive promoter and DI-72 RNA from the galactose inducible GAL1 promoter (Fig. 1A ) supported efficient replication of the repRNA, based on Northern blot analysis of total RNA extract prepared from yeast (Fig. 1B, lanes 1-2) . On the contrary, over-expression of Xrn1p inhibited the accumulation of the DI-72 repRNA by ∼98% (Fig. 1B, lanes 3-4) . Similar to the full-length repRNA, the partial degradation products of the repRNA were barely detectable in the Xrn1p over-expression strain. We also observed similar pattern with a second repRNA, denoted DI-AU-FP (Fig. 1A) . DI-AU-FP repRNA contains an artificial AU-rich segment positioned between region I (RI) and RII, which facilitates the generation and accumulation of recombinant (rec)RNAs (Fig. 1C, lanes 1-2) (Serviene et al., 2005; Shapka and Nagy, 2004) . Both the original DI-AU-FP repRNA and the recRNAs accumulate to easily detectable levels in the wt yeast, whereas yeast over-expressing Xrn1p showed 82% reduction in repRNA and 99% reduction in the recRNA (Fig.  1C, lanes 3-4) . These observations are in agreement with previous findings, which are based on complementation data, that Xrn1p suppresses the generation of recRNAs and that Xrn1p reduces the accumulation of partial degradation products of the repRNAs in yeast . The current over-expression data support that excess amount of Xrn1p reduces the accumulation of the repRNA. This suggests that the repRNA has an Xrn1p-sensitive stage during its accumulation in yeast.
Expression of AtXrn4p from its natural promoter in N. benthamiana leads to decreased accumulation of CNV RNAs
To test the effect of a 5′-3′ exoribonuclease on the accumulation of the genomic (g)CNV RNA, we selected the Arabidosis Xrn4p 5′-3′ exoribonuclease, because it is located in the cytoplasm and it can complement the functions of Xrn1p in xrn1Δ yeast (Kastenmayer and Green, 2000; Souret et al., 2004) . Another reason that we chose AtXrn4p is that, unfortunately, the full-length NbXRN4 is not yet identified/ cloned. First, we expressed AtXrn4p in N. benthamiana leaves from its natural promoter by standard Agrobacterium-based infiltration method. Two days afterwards, we inoculated the agro-infiltrated leaves with CNV [namely CNV20KSTOP, which does not express p20 suppressor of gene silencing, thus less pathogenic than the wt CNV (Rochon, 1991) or TBSV] using plant sap containing infectious CNV virions. Progression of CNV infections in the inoculated leaves (Fig. 2) was monitored by isolation of total RNA and Northern blotting 3 days after inoculation with CNV. The plant samples obtained from agro-infiltrated leaves expressing AtXrn4p showed CNV accumulation at levels comparable with samples obtained from leaves agro-infiltrated with empty plasmids (negative control) (Fig. 2B versus C) . Accumulation of the gRNA and the two subgenomic (sg)RNAs and other, not defined CNV products (possible partial degradation products) was comparable in most samples (14 of 28 independent samples analyzed are shown). We also used a strong suppressor of RNA silencing, denoted TBSV p19, which has been shown to enhance expression of foreign proteins during co-infiltration (Baulcombe and Molnar, 2004; Voinnet et al., 1999) . Indeed, samples obtained from leaves co-infiltrated with AtXrn4p/p19 and infected with CNV showed 20-30% reduced amounts of CNV gRNA and sgRNAs as compared to the negative control (empty vector, Fig. 2D ). In addition, several new viral RNA bands, which could be partial degradation products, were also detected from leaves co-infiltrated with AtXrn4p/p19 (Fig. 2D) . Expression of p19 alone had no obvious effect on CNV gRNA accumulation in the inoculated leaves when compared with the samples obtained from the empty vector-treated leaves (Fig. 2B ).
Over-expression of AtXrn4p in N. benthamiana leads to degradation of CNV RNAs and emergence of shorter CNV RNA products
The lack of strong inhibition of CNV accumulation in leaves expressing AtXrn4p from the natural promoter might be due to the relative insensitivity of the full-length tombusvirus RNA to 5′-3′ exoribonuclease as shown previously with purified Xrn1p in vitro , and/or to the low level of AtXrn4p expression from the natural promoter. Indeed, we could not detect AtXRN4 mRNA with Northern blotting in the infiltrated tissues (not shown). Therefore, we overexpressed AtXrn4p from the strong constitutive 35S-promoter of Cauliflower mosaic virus by Agro-infiltration (in combination with p19). Total RNA was extracted from small areas of infiltrated leaves 1 day after inoculation with CNV because both the viral RNA and AtXRN4 mRNA were readily detectable at this time point (Fig. 3 ). Northern blotting with CNV-specific probes revealed that various samples contained highly variable levels of CNV gRNA, ranging from ∼1% to 100% when compared to control samples from leaves expressing p19 only (Fig. 3 ). Data presented in Fig. 3 suggest that higher AtXRN4 mRNA levels led to decreased CNV RNA accumulation (Fig. 3, lanes 1, 3, 5, 8, 10, 12) . In addition, several samples contained CNV gRNA with short deletions (possibly truncations) (Fig. 3, lanes 1, 4, 9) . Similar truncated CNV RNAs were not detected in samples obtained from leaves expressing p19 (Fig. 2E ). The NbXRN4 mRNA was not detected in leaves expressing p19 only (not shown), suggesting that the AtXRN4 probe might not hybridize to the NbXRN4 mRNA or the level of NbXRN4 mRNA is below detection limit. The positions of the expected repRNA, the recombinant (rec)RNA and the partial degradation products were indicated by open or closed arrowheads and arrows, respectively. These products were characterized in detail previously . Note that the expression levels of p33 and p92 pol replication proteins were comparable in these yeast cells (not shown). We performed 6 repeats per experiments.
5′RACE of CNV RNAs derived from N. benthamiana plants expressing AtXrn4p reveals 5′ truncations
Because the above experiments suggested that expression of AtXrn4p could accelerate CNV RNA degradation (Figs. 2D and 3) and thus reduce CNV accumulation, we determined the 5′ sequence of CNV gRNA and sgRNA1 from plants expressing AtXrn4p or from the negative control (agro-infiltrated with the empty vector). These experiments revealed the accumulation of various 5′ truncated gRNA and sgRNA1 in plants expressing AtXrn4p, whereas all the samples from the control plants contained the authentic 5′ end (Table 1 ). The 5′ deletions shortened pol replication proteins are expressed from overlapping ORFs and both are essential for CNV replication. The other viral proteins are expressed from subgenomic RNAs, which are produced during virus replication. (B-E) Northern blot analyses of total RNA extracts obtained from agro-infiltrated N. benthamiana leaves 3 days after inoculation with CNV virions. The leaves were infiltrated with Agrobacterium carrying plasmids expressing no protein, AtXrn4p, AtXrn4p + TBSV p19 suppressor of RNA silencing, and TBSV p19, respectively, as shown. Agarose gel electrophoresis (at the bottom of each Northern blot image) of ribosomal RNA is shown as a loading control. The positions of the genomic (g) RNA, the partially degraded gRNA, sgRNA1 and sgRNA2 are marked. Additional extra bands in panel D might represent possible viral RNA degradation products. Note that RNA samples from the uninfected, but agro-infiltrated control plants did not hybridize to this probe at detectable level (not shown).
CNV gRNA by 27-321 nt and sgRNA1 by 290-462 nt (Table  1 ). In addition to the mapped deletions, we also observed gRNA with larger deletions (Figs. 2D and 3 ), which were not sequenced. Most of the obtained clones contained unique 5′ sequences, suggesting that a population of CNV derivatives coexisted in plant expressing AtXrn4p (Table 1 ). The occurrence of various 5′ deletions in gRNA and sgRNA1 is in agreement with the predicted function of the AtXrn4p as a 5′-3′ exoribonuclease, involved in the degradation of viral RNAs from the 5′ end.
Several newly generated CNV gRNA variants are infectious in N. benthamiana protoplasts
To test if some of the newly identified CNV gRNAderivatives with 5′ truncations are replication competent or they only represent partially degraded, dead-end viral RNA products, we constructed seven clones representing the new gRNA variants isolated from plants expressing AtXrn4p (Table 1) . Three of the clones had deletions within the 5′ uncoding region (UTR, see constructs Δ27, Δ35 and Δ138, Fig. 4 ), whereas the additional clones (see construct Δ171, Fig. 3 , and Δ188, Δ248, and Δ285, not shown), had longer 5′ truncations that removed the entire 5′ UTR plus coding sequences from the p33 gene ( Fig. 2A) . The T7 transcribed CNV RNA constructs were separately electroporated into N. benthamiana protoplasts to test for replication (Fig. 4) . These experiments revealed that constructs Δ27, Δ35 and Δ138 replicated at detectable levels, whereas constructs Δ171 (Fig.  4) , Δ188, Δ248, and Δ285 (not shown) did not replicate. However, the levels of replication of constructs Δ27 and Δ35 were less than 3% of that of the full-length CNV (Fig. 4) . The presence of low but detectable levels of sgRNAs in these infections confirms low levels of genome replication. The best replicating construct was Δ138, which produced abundant amount of sgRNA2, but it was deficient in replication of gRNA and sgRNA1 (∼5% of that supported by the full-length CNV). Longer incubation of protoplasts (40 h samples, Fig. 4B ) resulted in the occurrence of new, ∼1000 nt shorter CNV gRNA species in infections with Δ138 (Fig. 4) , suggesting continued evolution of CNV RNA in these cells. In addition, novel ∼ 300-500 nt short viral RNAs accumulated efficiently in infections with constructs Δ27, Δ35 and Δ138 at the late time-point (Fig. 4B) , suggesting that DI-RNA-like molecules might be formed in these plant cells.
The newly generated Δ138 CNV RNA variant is infectious to N. benthamiana plants
To test if construct Δ138, which was the most efficient in replication in protoplasts among the CNV variants tested (Fig. 4) , could also infect N. benthamiana plants, we inoculated leaves with Δ138 CNV RNA obtained via transcription with T7 polymerase. Total RNA extracts obtained from inoculated and uninoculated leaves 6 days after inoculation revealed the presence of the expected sized Δ138 CNV RNA (not shown). Primer extension analysis performed on the isolated RNA revealed that Δ138 CNV RNA was able to infect N. benthamiana plants systemically and it accumulated to ∼ 5% of that of the full-length CNV (Fig. 5) . Uncharacteristic yellow stripes and spots appeared on leaves infected systemically with Δ138 RNA (Fig. 6) , demonstrating that Δ138 RNA has attenuated phenotype when compared to the full-length CNV gRNA, which causes lethal necrosis on uninoculated young leaves (not shown).
Because Δ138 has reduced level of sgRNA1 production in comparison with the full-length CNV gRNA (see Fig. 4 ), we also checked the amount of coat protein (CP) expressed from sgRNA1 in systemically infected leaves. Indeed, CP production by Δ138 RNA was less than 10% obtained in infections with the full-length CNV RNA (Fig. 5A, bottom) . The low amount of CP production by Δ138 RNA could be one factor (Table 1) were cloned and CNV RNAs were generated with T7 transcription, followed by electroporation into protoplasts. The probe used was specific for the 3′ UTR of CNV. See additional details on Northern blotting in the legend to Fig. 1 . The solid arrowhead points at the original Δ138 CNV RNA, whereas the empty arrowhead indicates a further truncated RNA derivative panel B. The fast migrating DI-like RNA bands are marked with asterisks. leading to reduced Δ138 CNV RNA accumulation and less efficient viral movement in whole plants (see Discussion).
Altogether, the above findings demonstrated that some of the newly emerged CNV variants from plants over-expressing AtXrn4p were infectious, and one variant was able to spread in plants and cause symptoms, which are different from the more aggressive full-length CNV.
Discussion
One of the major differences between host mRNAs and positive-strand virus RNAs in cells might be their fate in RNA degradation. In contrast to the obvious fate of mRNAs in degradosomes and processing (P)-bodies (Brengues et al., 2005; Sheth and Parker, 2003) , the viral RNA likely avoids RNA degradation more readily than mRNAs via being protected by viral and/or host proteins and by being sequestered into membrane-containing structures including viral replication proteins in infected cells (Janda and Ahlquist, 1998; Monkewich et al., 2005; Panavas et al., 2005a; Pogany et al., 2005; Schwartz et al., 2002) . The newly synthesized viral progeny RNA is also protected by encapsidation into protective virions. Eventually, some viral RNAs will likely be degraded in cells, including subgenomic RNAs. In spite of the obvious importance of RNA degradation in stability of viral RNA, our current understanding of the viral RNA degradation process is limited. There are two types of viral RNA degradation. First is a general RNA degradation pathway, which can nonspecifically degrade the viral RNA. The second is specialized viral RNA degradation, based on RNA silencing (RNAi), the dsRNA-induced PKR kinase and interferon responses in animals (Herr and Baulcombe, 2004; Malmgaard, 2004; Saunders and Barber, 2003; Voinnet, 2005) .
The role of 5′-3′ exoribonucleases in viral RNA degradation
Previous work with xrn1Δ in yeast has demonstrated that (i) the tombusvirus repRNA had ∼ 3-fold increased stability (extended half life) in the absence of Xrn1p; (ii) partially degraded (5′ truncated) repRNA of various length accumulated in the absence of Xrn1p; and (iii) expression (complementation) of Xrn1p in xrn1Δ yeast decreased the amount of partially degraded repRNA . Interestingly, the fulllength repRNA carrying the highly structured RI sequence (Ray et al., 2004) showed higher stability against Xrn1p in vivo and in vitro using purified Xrn1p preparation . We also showed in this work that the partially-degraded repRNA was more sensitive (98 ± 2% reduction) than the fulllength repRNA (82 ± 9% reduction, Fig. 1C ) when Xrn1p was over-expressed in yeast. In general, however, this work showed that over-expression of Xrn1p resulted in reduced accumulation of all types of tombusvirus RNAs including the repRNA, recRNAs formed by recombination and partially degraded viral RNAs in wt yeast cells (Fig. 1) , suggesting that increased amount of Xrn1p can accelerate tombusvirus RNA degradation. The high level of inhibition of viral RNA accumulation by the over-expressed Xrn1p suggests that the viral RNAs are accessible to ribonucleases during one or more steps in replication/accumulation. It is also possible that the absence of coat protein in the yeast replication assay made the repRNA more accessible than the viral RNA might be during standard infections. Nevertheless, the accumulating pieces of evidence support a role for Xrn1p 5′-3′ exoribonuclease in tombusvirus RNA degradation in yeast.
The data based on AtXrn4p 5′-3′ exoribonuclease presented in this work also support the existence of similar situation in plants. For example, over-expression of AtXrn4p, which is analogous to the yeast Xrn1p (Kastenmayer and Green, 2000; Souret et al., 2004) , decreased the accumulation levels of viral RNAs including gRNA and sgRNAs (Fig. 3) . In several samples that showed the highest level of AtXRN4 mRNA the viral gRNA was undetectable, whereas sgRNA2 was reduced to ∼1% level (Fig. 3) . However, the extent of tombusvirus degradation was usually less pronounced in plants than in yeast (compare Fig. 1 and Fig. 2D; Fig. 3 ). Accordingly, 5′ truncated CNV RNAs accumulated in plants expressing AtXrn4p (Figs. 2D and 3,  in yeast, we used full-length virus, which can produce abundant amount of coat proteins that might provide some protection against degradation by AtXrn4p. Altogether, the obtained data suggest that the protection against tombusvirus infections is incomplete in plants expressing AtXrn4p from the native promoter (Fig. 2) or over-expressing AtXrn4p in a transient assay (Fig. 3) . Nevertheless, based on the obtained data, we propose that Xrn4p 5′-3′ exoribonuclease is likely involved in degradation of tombusvirus gRNA and sgRNAs.
We cannot exclude that expression of AtXrn4p in N. benthamiana led to cytotoxic effects, which in turn decreased tombusvirus accumulation. However, the direct involvement of AtXrn4p in tombusvirus RNA degradation is a more fitting model, because the viral RNAs (both genomic and subgenomic) had 5′ truncations and intact 3′ ends. This is consistent with the known 5′-3′ exoribonuclease activity of AtXrn4p.
The role of AtXrn4p in promoting the emergence of novel CNV variants RNA viruses are intracellular pathogens that depend on many host factors for their replication and spread Kushner et al., 2003; Nagy and Pogany, 2006; Panavas et al., 2005b) . Due to the dependence on host factors, host genes could also affect the evolution of RNA viruses (Serviene et al., , 2005 . This model was confirmed in this paper based on rapid evolution of CNV gRNA in plants transiently expressing AtXrn4p. Population of CNV gRNAs with various 5′ truncations emerged only in those leaves, which expressed AtXrn4p, suggesting that the 5′-3′ exoribonuclease activity directly affected CNV RNA accumulation and evolution. In addition to the emergence of CNV gRNA population, 5′ truncations were also observed with sgRNA1. The rapid emergence of new CNV RNA variants in plant leaves illustrate that RNA virus evolution can occur quickly in single leaves even in the presence of the full-length CNV RNA carrying wt replicase genes and cis-acting sequences.
Cloning of several newly emerged CNV RNAs, followed by inoculations of plants and protoplasts, demonstrated that three of the seven novel RNAs tested were infectious by themselves (in the absence of a helper virus). Although they produced reduced amounts of gRNA and sgRNA1, the accumulation of abundant amount of sgRNA2 clearly demonstrates that these CNV variants replicated in infected cells. This is because it is well established that production of sgRNAs requires minusstranded templates, which are produced during tombusvirus replication (Lin and White, 2004) . The relatively larger reduction in the amount of gRNA than in sgRNA2 could be explained by decreased stability of gRNA in the absence of the wt 5′ end, which forms a T-shape domain (Ray et al., 2004) . It is also possible that the reduced accumulation of gRNA variants is due to the absence of the wt plus-strand initiation promoter and a promoter proximal enhancer (PPE), which are located at the 3′ terminus of the minus-strand (Panavas et al., , 2002a . In the absence of the 3′ terminal promoter and/or PPE, the minusstrand might be favorably used for production of sgRNA2 than for the full-length plus-stranded gRNA and sgRNA1 by the tombusvirus replicase. Indeed, competition between subgenomic and genomic RNA synthesis has been recently demonstrated for Brome mosaic virus (Grdzelishvili et al., 2005) .
The three infectious CNV variants also supported the generation and accumulation of 300-500 nt long DI-like RNAs in protoplasts (Fig. 4) . Also, replication of one of the variants (Δ138) led to the accumulation of larger deletion derivatives of gRNA (Fig. 4) . These observations suggest that the new variants isolated from AtXrn4p expressing plants are relatively unstable and they readily support further evolution of CNV derivatives. Based on the greatly reduced accumulation of the new CNV variants in N. benthamiana protoplasts (Fig. 4) , it is highly unlikely that the novel variants would have increased fitness in wt plant cells compared to the full-length CNV gRNA. Because the 5′ end of the plus-stranded viral RNAs usually contains important signals and structures for replication, it seems unlikely that deletion of 5′ terminal sequences would lead to a more fit genome. Yet, examples with RNA viruses and associated RNAs show that evolution of 5′ sequences via deletion is a possibility (Tsiang et al., 1985; van der Vossen et al., 1996; Van Rossum et al., 1997) . Future work based on transgenic plants expressing AtXrn4p will address if some of the new variants have increased fitness compared to the fulllength CNV in the presence of elevated levels of AtXrn4p.
One of the cloned novel CNV variants, Δ138, was infectious in N. benthamiana plants and it moved systemically to uninoculated leaves. The symptoms produced by this variant were attenuated when compared to the full-length CNV, which causes necrosis in the young leaves. The decreased levels of gRNA and sgRNA1 likely reduced expressions of the p33 replication protein and the CP, which are pathogenecity factors (Borja et al., 1999; Burgyan et al., 2000) thus saving the young leaves from rapid and lethal invasions from CNV. Nevertheless, our experiments demonstrated that some of the newly emerged CNV variants from plants expressing AtXrn4p are infectious and they can potentially invade wt N. benthamiana plants. This is consistent with a model that after the emergence of new CNV variants, they could spread horizontally in plants.
The remaining four cloned CNV variants were not infectious in plant protoplasts. These CNV variants had large 5′ truncations that not only included the 5′ UTR, but coding sequences from the p33 ORF. However, these RNAs might be replicated in trans by getting the essential p33 and p92 pol proteins from the infectious CNV variants replicating in the same cells. This complementation might explain the population of CNV RNAs and the lack of dominant CNV variants in samples from plant leaves expressing AtXrn4p.
General conclusions
This study establishes that the expression of a single host gene can directly affect the emergence of new variants in an RNA virus. The evolution of the CNV RNA was rapid and the newly emerged CNV variants showed variable properties, demonstrating the power of RNA virus evolution in creating new RNA genomes.
Materials and methods
Yeast strains and expression plasmids
Saccharomyces cerevisiae strain BY4741 (MATa his3△1 leu2△0 met15△0 ura3△0) was from Open Biosystems (Huntville, AL). The expression plasmids pHisGBK-His33 (carrying p33 gene of CNV behind the ADH1 promoter), pGAD-His92 (containing CNV p92 pol gene behind the ADH1 promoter), and pYC/DI-72-Rz (expressing TBSV DI-72 RNA under the control of GAL1 promoter), pYC/DI-AU-FP-Rz (expressing TBSV DI-AU-FP RNA under the control of GAL1 promoter), and the dual expression plasmids, pHisGBK-His33/ DI-72 and pHisGBK-His33/DI-AU-FP (co-expressing p33 from the ADH1 promoter and either DI-72 RNA or DI-AU-FP RNA from GAL1 promoter) have been previously described (Panavas et al., 2005b (Panavas et al., , 2004 .
Yeast transformation was done using LiAc/ssDNA/PEG method (Gietz and Woods, 2002) and transformants were selected by complementation of auxotrophic markers. In the Xrn1p over-expression experiments, we used three plasmids: (i) Xrn1p was expressed from plasmid pAJ10 (Johnson, 1997) ; (ii) p33 was expressed together with DI-72 (from pHisGBK-His33/ DI-72) or DI-AU-FP (from pHisGBK-His33/DI-AU-FP); and (iii) p92 pol protein was expressed from pHisGAD-His92. In the control experiment, yeast BY4741 strain was co-transformed with pHisGBK-His33, pHisGAD-His92, and pYC/DI-72-Rz or pYC/DI-AU-FP-Rz plasmids. The obtained yeast transformants were then grown at 29°C for 24 h in 2 ml SC-ULH − medium containing 2% galactose until cell density reached ∼ 0.8-1.0 OD 600 . Then, the yeast cells were harvested by centrifugation at 1100×g for 5 min, and used for RNA extraction (Panavas et al., 2005b (Panavas et al., , 2004 .
Expression of AtXrn4p via Agro-infiltration in N. benthamiana
The AtXrn4p-expression plasmid p2192, which includes the natural promoter, has been described earlier [a gift from Dr. P. J. Green (Souret et al., 2004) ]. The AtXRN4 ORF from p2192 was PCR amplified with the primers #1963 (GGCGTCGACCTAA-CAACTTTGGTGACAGCT) and #1964 (GGCGAGCTCGT-TAAAACCAATAGCGAAACA). The PCR product was treated with SalI and SacI and ligated into pGD (Goodin et al., 2002) under the control of the 35S promoter to obtain pGD-AtXRN4. Expression plasmids p2192, pGD-AtXRN4 and pGD-P19 (Voinnet et al., 1999) was transformed into Agrobacterium C58C1. Selection was done in LB medium containing 50 μg/ml kanamycin, 100 μg/ml rifampicin and 5 μg/ml tetracycline. One day before infiltration cells were grown in LB containing the antibiotics and 20 μM acetosyringone. Four hours before agroinfiltration the cells were resuspended in MMA media (10 mM MES (pH 5.6), 10 mM MgCl 2 , 200 μM acetosyringone) and diluted to a final OD 600 of 0.8. Agrobacterium strains carrying construct pGD-AtXRN4 and pGD-P19 were mixed in ratio 1:1 prior to infiltration to N. benthamiana leaves.
The procedure for agro-infiltration was similar as described (Goodin et al., 2002) . Two days after agro-infiltration, the infiltrated leaves were inoculated with CNV containing inoculation mixture (consisting of plant sap in 0.02 M Sodium-acetate pH 5.3 and cellite) obtained from CNV gRNA [CNV20KSTOP (Rochon, 1991) ] transcript-inoculated N. benthamiana plants. Total RNAs were isolated from inoculated leaves at different time points as described.
Protoplast inoculation
CNV gRNA constructs with various 5′ end deletions were generated by PCR based on CNV/20KSTOP plasmid (Rochon, 1991) , which was used as a template. DNA sequences were amplified using primer #157 (GGGCTGCATTTCTGCAATG-TTCC) and one of the unique primers listed below:
CNV Δ27: #1642 (TAATACGACTCACTATAGGTGGTT-GTGTTATCTGGTGACT). CNV Δ35: #1643 (TAATACGACTCACTATAGGGTTAT-CTGGTGACTTGCG). CNV Δ138: #1644(TAATACGACTCACTATAGGAGTA-AACGACGACATGGATAC). CNV Δ171: #1645 (TAATACGACTCACTATAGGCTGT-GGCCTAAGAAAGAA). CNV Δ188: #1646 (TAATACGACTCACTATAGAAATT-TTTATTGGCACGTTC). CNV Δ248: #1647 (TAATACGACTCACTATAGGAATT-AGTGTGTAGGGTTGTG). CNV Δ285: #1648 (TAATACGACTCACTATAGAGGGA-AAATCGAGAATAACAC).
PCR products were then gel-isolated in order to remove the original CNV DNA template, followed by T7 transcription as described (Panaviene et al., 2004) . The same amount of CNV RNA transcripts (5 μg) was used for electroporation of 5 × 10 5 N. benthamiana protoplasts prepared as described previously . Protoplasts were incubated in the dark, followed by RNA extraction as described Shapka and Nagy, 2004) .
RNA analysis
Total RNA isolation and Northern blot analysis were done as previously described . Briefly, for extraction of total RNA, 50 mg of leave tissue was grinded in liquid nitrogen and shaken for 5 min at room temperature with 200 μl of RNA extraction buffer [50 mM NaOAc (pH5.2), 10 mM EDTA, 1% sodium dodecyl sulfate (SDS)] and 200 μl water-saturated phenol and then incubated for 4 min at 65°C, followed by ethanol precipitation. The obtained RNA samples were separated on a 1% agarose gel and transferred to a Hybond-XL membrane (Amersham) before hybridization with a XRN4 or CNV specific probe. For detection of CNV RNAs we prepared a 32 P-labeled 3′ terminal probe with T7 transcription from PCR products obtained with primers #312 (GCTGTC-AGTCTAGTGGA) and #22 (GTAATACGACTCACTATAG-GGCTGCATTTCTGCAATGTTCC) on CNV template. For the detection of XRN4 transcripts we prepared a 32 P-labeled probe annealing with positions 6290-5840 of exon22, with T7 transcription from PCR products obtained with primers #1965 (TA-ATACGACTCACTATAGGTCAAATTTGCATTAGCAG) and #1966 (TTGGAGCTATAGCAGGGCCTTCTCTGGGAG).
5′RACE on the truncated CNV RNAs
Truncated CNV RNA was isolated from agarose gel prior to 5′RACE. The methods used for 5′RACE was followed the GCrich sequences protocol of 5′RACE (Invitrogen) and the CNV sequence specific primer #871 (CCCGTCTAGAGGCCTCCC-TATTTCACACCAAGGGA) which anneals to 5′ end of CNV was used to amplify the first strand cDNA. Second-stand cDNA was synthesized by using 3′ RACE Abridge Anchor Primer. A nested primer #1614 (GCTAAGCAACGGAATAACTG) and 5′ RACE Abridged Universal Amplification Primer (5′AUAP) were used for first PCR and the second PCR was done by using the 5′AUAP and primer #1613 (TCTGTCTTGAGAAGTT-CAACG). The resulting products were directly cloned into pGEM T-Easy vector (Promega) and sequenced by M13 Reverse Primer.
Reverse transcription
About 3 μg total RNA isolated from infected N. benthamiana was used for reverse transcription (RT) with 32 P-labeled primer #1613 as described previously . The RT products were analyzed in 5%/8 M urea denaturing PAGE. CNV and CNV Δ138 transcripts were used for RT reaction with the same primer as size marker.
